Part A
proportions across all chromosomes (P=0.072). The tests assessing differences in dog ancestry proportions in each chromosome as compared with the mean ancestry of all remaining autosomal chromosomes all gave non-significant results after the Bonferroni correction (P values ranging from 0.1 to 1).
For the dataset of dog ancestries at autosomal chromosomes and the X chromosome for females, the global CAnD test detected significant heterogeneity in dog ancestry proportions across chromosomes (P=0.016). We found no significant difference in dog ancestry proportions in the X chromosome as compared with the mean ancestry in autosomal chromosomes (P=1 after the Bonferroni correction). However, we found that the chromosome 31 had a significantly lower proportion of dog ancestry as compared with the mean for all other chromosomes (P=0.031 after the Bonferroni correction).
For the dataset of dog ancestries at autosomal chromosomes and the X chromosome for males, the global CAnD test detected no significant heterogeneity in dog ancestry proportions across all chromosomes (P=0.742). We found no significant difference in dog ancestry proportions in the X chromosome as compared with the mean ancestry in autosomal chromosomes (P=1 after the Bonferroni correction). However, we found that the chromosome 2 had a significantly lower proportion of dog ancestry as compared with the mean for all other chromosomes (P=0.003 after the Bonferroni correction).
For the dataset of dog ancestries at autosomal chromosomes and the X chromosome for females and males combined, the global CAnD test detected no significant heterogeneity in dog ancestry proportions across all chromosomes (P=0.121). The tests assessing differences in dog ancestry proportions in each chromosome (including the X chromosome) as compared with the mean ancestry of all remaining autosomal chromosomes all gave nonsignificant results after the Bonferroni correction (P values ranging from 0.2 to 1).
Part B Analysis of wolf-dog hybridisation based on a dataset of European wolves and dog breeds of European origin
To assess whether a choice of a particular set of wolf and dog populations affects the results of hybridisation analysis, we repeated the analyses using ADMIXTURE, STRUCTURE and LAMP for a smaller dataset consisting of European wolves and dog breeds of European origin.
This dataset consisted of 147 individuals: 54 Eastern European wolves, 19 Italian wolves, 6
Iberian wolves, 17 putative wolf-dog hybrids (9 from Eastern Europe and 8 from Italy), and 51 dogs of different breeds (1 individual per modern dog breed).
ADMIXTURE and STRUCTURE analyses were carried out using the same input settings as in the analysis of the original dataset described in the main text. In the LAMP analysis, we assumed mixture proportion 0.65:0.35. The mixture proportion is the proportion of alleles deriving from two ancestral populations (grey wolves and domestic dogs in this case). We estimated this proportion as the frequency of wolves and putative admixed individuals versus dogs in the dataset. This was based on a conservative assumption that the set of putative admixed individuals can include back-crosses to the wolf population besides F1 hybrids, and therefore these individuals will have higher proportion of wolf alleles than dog alleles in their genomes. We also made test runs with mixture proportions 0.75:0.25 and 0.5:0.5. The 0.75:0.25 proportion produced very similar results as compared with 0.65:0.35 proportion, while 0.5:0.5 proportion resulted in all wolves and dogs being admixed. We used the recombination rate of 1e-8, and all the other parameters were the same as in the analysis of the original dataset described in the main text.
The analysis of X chromosome data was carried out using the same methods as in the analysis of the original dataset described in the main text.
Results

Analysis of autosomal chromosome data
Both ADMIXTURE and STRUCTURE identified dogs versus wild canids as most distinct subdivision (at K=2). At K=3, Italian wolves were identified as the third distinct group.
The assignment of the putative hybrids was consistent between the three programs and the two datasets. Italian canid 2757 was assigned as a F1 hybrid, with 47-50% assignment to the dog cluster. Four other Italian individuals were assigned to the dog cluster with probabilities 10-15% (Supporting Table S4 ), suggesting that they were back-crosses. The remaining three Italian individuals were assigned to the Italian wolf population with over 99% probability.
One of the putative Eastern European hybrids, individual 2814 from Kirov, Russia was assigned to the dog cluster with 15-16% probability depending on the program used. Other putative hybrids from Eastern Europe had assignment probabilities to the dog cluster lower than 4%, which was within the range for the pure wolves.
Two individuals that were assumed a priori to be pure wolves, individual 11254 from Spain and 11348 from Ukraine had assignment probabilities to the wolf population 0.838-0.846 and 0.869-0.876, which was outside the range for other wolves (0.925-1.000), but within the range for back-crosses (0.838-0.907), so they were inferred to be back-crosses as well. Two other individuals, 10103 from Belarus and 11315 from Ukraine had assignment probabilities to the wolf population 0.914-0.921 and 0.908-0.916, respectively (Supporting Table S4 ). They could be further generation of back-crosses, but this inference is uncertain.
The ancestry block analysis carried out in LAMP was performed without assuming a priori which individuals represent non-admixed, ancestral populations. Non-admixed individuals were identified in the analysis in an analogous way as distinct populations are identified in STRUCTURE. Across all but one autosomal chromosomes, the mean percentage of SNPs assigned to chromosomal blocks of wolf ancestry was less than 2% for each dog, and the mean percentage of SNPs assigned to chromosomal blocks of dog ancestry was less than 6% for each wolf except for few admixed individuals (see Supporting Table S4 ). For chromosome 35, the percentage of SNPs assigned to chromosomal blocks of wolf ancestry was 20% or more for each dog, and thus this chromosome was excluded from further summary statistics.
Italian canid 2757 was assigned as a F1 hybrid, as it had at average 50% of SNPs assigned to chromosomal blocks of dog ancestry, and this value was consistent among different chromosomes (range of dog ancestry: 46-59%). In 29 out of 37 chromosome pairs in this individual, one of the chromosomes was entirely assigned dog ancestry and another one wolf ancestry. Four putative hybrids from Italy, one from Kirov, Russia, and two putative pure wolves from Spain and Ukraine had 12-23% of SNPs assigned to chromosomal blocks of dog ancestry. These individuals were assigned as back-crosses, which was consistent with the results from ADMIXTURE and STRUCTURE (Supporting Table S4 ). Additionally, three other individuals from Eastern Europe (from Belarus, Ukraine and Bulgaria) had 7-9% of SNPs assigned to chromosomal blocks of dog ancestry, which was marginally outside the range for other wolves (0-6%). For the first two of these individuals, this result was consistent with the results from ADMIXTURE and STRUCTURE (Supporting Table S4 ). These individuals could be back-crosses of further generations, but their exact admixture status was uncertain.
We also counted the number of chromosomes for which the percentage of mis-assigned SNPs (i.e. SNPs assigned to blocks of wolf ancestry in dogs, and blocks of dog ancestry in wolves and putative hybrids/back-crosses) was lower than 90%, excluding chromosome 35 from this count. This number was low for dogs (range: 0-2) and non-admixed wolves (range: 0-8). For individuals identified as back-crosses, this number was substantially higher than in non-admixed wolves (range: 14-23), and the three individuals from Eastern Europe with the uncertain status had intermediate values (range: 11-12 ).
All these results were highly consistent with the corresponding results obtained for a larger dataset that also included Asian wolves and dog breeds of non-European origin (see Supporting Table S2 ). All hybrids and back-crosses identified in the main analysis (Supporting Table S2 ) were also identified here (Supporting Table S4 ). This allows us to conclude that the choice of a particular set of populations representing two "pure" subspecies in the admixture analysis (using the methods applied here) does not affect our ability to detect hybrids and recent back-crosses. However, in this study we encountered difficulties with distinguishing further-generations (F4/F5) back-crosses from "pure" wolves. For such analysis, the presence of direct representatives of particular populations that are subject to admixture may be required, given that some wolf populations (like Arabian Peninsula wolves) may have high "background" levels of admixture reflecting ancient/historical hybridisation.
Analysis of X chromosome data
The neighbour-joining tree of male X chromosome haplotypes distinguished wolf and dog haplotypes with 98% bootstrap support (Supporting Figure S6A LAMP analysis of ancestry blocks in X chromosome in females showed that European wolves have no more than 7% of SNP alleles of dog ancestry, and European dog breeds have no more than 11% of chromosomal blocks of wolf ancestry. Only two individuals (both from Italy) assigned as F2/F3 back-crosses were females. One of them had 4% of SNP alleles of dog ancestry, which was well within the range for the pure wolves. The second individual, however, had 15% of SNP alleles of dog ancestry (Supporting Table S4 ).
The results of the X chromosome ancestry block analysis in males had a worse resolution: the percentage of mis-assigned SNP alleles was 0-20% in European wolves, and 8-41% in dogs (Supporting Table S4 ). One of the male back-crosses had 100% of Xchromosome SNP alleles of wolf ancestry, implying that it had no female dog ancestor. In two other back-crosses, the percentage of SNP alleles assigned to chromosomal blocks of dog ancestry was 14 and 15%. The F1 hybrid #2757 had 88% of SNP alleles of dog ancestry, well within the range for the dogs.
Analysis of population genetic structure in ADMIXTURE for X chromosome data for the dataset consisting of European wolves, putative hybrids, and dogs (females only) indicated K=3 as the most likely genetic structure, with Italian wolves, Eastern European wolves and dogs forming separate groups. The assignment probability of wolves to the dog cluster was 0.00001 for each individual, except individual #10121 from Russia with the assignment probability 0.036. The assignment probabilities of dogs to the dog cluster were in the range 0.695-0.999.
For comparison, the same set of individuals was also analysed for genetic structure at autosomal chromosomes. The assignment probabilities of wolves to the dog cluster were in the range 0.000-0.041, except individual #10121 with the assignment probability 0.066. Two female backcrosses, #2796 and #2803, had the assignment probabilities to the dog cluster 0.191 and 0.107, respectively, while the corresponding values for the X chromosome were 0.050 and 0.000. The assignment probabilities of dogs to the dog cluster were in the range 0.909-0.999.
Part C Results of the Principal Component Analysis
PCA analysis of wolves, dogs, wolf-dog hybrids and coyotes discriminated between dogs and wild canids on the first axis (PC1), and separated the wolves from the coyotes at the second axis (PC2) (Figure 3 ). The clusters of dogs, wolves and coyotes were clearly distinct, and Italian wolves formed a distinct sub-cluster, while other wolf populations displayed relatively low differentiation.
In the PCA plot constructed without coyotes, the first axis (PC1) discriminated between dogs and wild canids, while the second (PC2) separated the Italian wolves from other Eurasian wolves (Supporting Figure S2) . In both PCA plots (with and without coyotes), the same individuals were identified as outliers from population clusters.
European canids identified as the F1 hybrid and F2/F3 backcrosses based on STRUCTURE and ADMIXTURE analyses were distinct from their respective wolf populations and closer than other wolves to the dog cluster (Figure 3 ). In addition, three individuals from Eastern Europe (two not identified as admixed in STRUCTURE and ADMIXTURE and one with uncertain admixture status) did not cluster with the Eastern European wolf population. Canids from the Arabian Peninsula identified as F2/F3 backcrosses based on STRUCTURE and ADMIXTURE analyses were distinct from their population in the plot including the coyotes (Figure 3 ), but in the plot without the coyotes they were not clearly distinct (Supporting Figure S2 ).
Part D Signatures of wolf admixture in domestic dogs
Past studies on wolf-dog hybridization focused largely on the signatures of hybridisation in wolf populations, but Kopaliani et al. (2014) showed that hybridisation also has a considerable effect on local dog populations, with over 10% of shepherd dogs sampled in rural areas of Georgia in the Caucasus having a detectable wolf ancestry. Consistent with this finding, Ardalan et al. (2011) suggested that one of the mtDNA haplogroups present in native dogs from Iran, Afghanistan and Turkey originates from introgression from wolves.
Analysis of whole-genome sequences of modern wolves and dogs also indicated past bidirectional gene flow between them .
Although this study was focused on the signatures of dog admixture in grey wolf populations, it also provided novel information regarding wolf admixture in domestic dogs. (Skoglund et al., 2015) , and similar ancient or historical hybridisation events could have also occurred in East Asia, but it is unlikely that hybridisation would have occurred in the last 10 generations (as assumed in the LAMP analysis) without being documented. This suggests that the LAMP analysis cannot be used to accurately estimate the time since admixture, if it is more distant than 3-4 generations. The analysis which includes the data from the ancestral populations (i.e. non-admixed wolves and dogs) may improve the precision of such estimates.
The wolf admixture levels in pure-breed dogs on the X chromosome were considerably higher as compared to autosomal chromosomes, suggesting greater contribution to the dog genome from female wolves than male wolves. This result is consistent with a study by Sundqvist et al. (2006) , showing a sex bias in the origin of modern dog breeds, with fewer males than females contributing genetically. Greater contribution of females implies greater sharing of maternal than paternal lineages between dogs and wolves. This is consistent with mtDNA lineage sharing between the two subspecies, and with a very clear distinction between them based on autosomal microsatellites (Parker et al. 2004 ), genomewide SNPs , Pilot et al. 2015 , and nuclear genome sequences ).
The inferred admixture levels at X chromosome were higher in "ancient" non- The inferred past admixture between the ancient breeds and Eurasian wolves could possibly explain the apparent distinctiveness of these breeds from modern European breeds (e.g. Parker et al. 2004; vonHoldt et al., 2010; Pilot et al., 2015) . However, the ancient breeds maintain their basal position in the dog phylogeny when gene flow is explicitly accounted for in the phylogenetic reconstruction (Pilot et al., 2015) , implying that the wolf admixture alone cannot explain genetic differentiation between ancient and modern breeds.
Part E Comment on the evidence for past admixture in Eurasian wolves
The ancestry block analysis in LAMP indicated that only 38% of genotyped Eurasian wolves were free of small chromosomal blocks that were inferred to originate from dogs.
This may be incorrectly interpreted as evidence for very high rate of ongoing hybridisation in Eurasia. Therefore, it is important to stress that the presence of a small proportion of small chromosomal blocks of dog ancestry in an individual genome indicates that such individual had a dog ancestor in its genealogy many generations ago, rather than implying a recent hybridisation event. In a similar example, genomes of humans of Eurasian origin carry 1.5-2.1% of alleles originating from the Neanderthals (Prüfer et al. 2014) , which obviously does not imply ongoing frequent interbreeding, but is a signature of past hybridisation that was occurring in the Late Pleistocene. In our study, we identified only ten individuals resulting from recent hybridisation events: one F1 hybrid and nine F2/F3 backcrosses. Therefore, our results do not imply that wolf-dog hybridisation in Eurasia occurs currently at high frequency, but that is has been occurring in different parts of Eurasia on multiple timescales and is not solely a recent phenomenon.
It should be also considered whether the inferred signatures of dog ancestry in wolves and wolf ancestry in dogs can result from the recent shared ancestry between wolves and dogs rather than from hybridisation. We found that the average frequency of dog-derived alleles in wolves was three times higher than the frequency of wolf-derived alleles in purebreed dogs we studied. If the alleles were incorrectly inferred as dog-derived due to recent common ancestry of wolves and dogs, a similar frequency of inferred wolf-derived alleles should be expected in dogs. This disproportion can be explained by differences in the frequency of back-crossing of hybrids into wolf versus dog populations, given that we studied pure-breed dogs, whose breeding patterns are strictly controlled by humans.
We also found large differences in the frequency of dog-derived alleles in Eurasian vs North American wolf population. This inference is consistent with large number of previous studies reporting recent hybridisation in different Eurasian populations (see references in the main text), but scarcity of such reports from North America (Munoz-Fuentes et al., 2010 ).
This could be potentially explained by the common ancestry domestic dogs share only with Eurasian wolf populations, given that the dog originated in Eurasia (Freedman & Wayne, 2017 ). This explanation is however unlikely, given that the divergence time of Eurasian and North American wolves was estimated to occur only 285-1,565 years (95% CI) before the estimated divergence of dogs from Eurasian wolves .
In addition, we also inferred considerably higher frequency of wolf-derived alleles in ancient non-European breeds as compared with breeds of European origin. This can be explained by ancient hybridisation event(s) between local dog and wolf populations. If the inferred wolf-derived alleles were an artefact of the recent shared ancestry between wolves and dogs, similar frequency of such alleles should be expected in all dog breeds independent of their geographic origin. We also observed a large variation in the frequency of dog-derived alleles between individual Eurasian wolves, ranging from 0 to 0.5, and the frequency distribution ( Figure 6B ) is consistent with hybridisation followed by introgression. Finally, our interpretation of the results is consistent with the inference based on whole-genome data Fan et al., 2016) .
Part F STRUCTURE and ADMIXTURE analyses: optimum number of clusters and "convex" behaviour
STRUCTURE and ADMIXTURE results were inconsistent regarding the optimum number of genetic clusters (K value). In STRUCTURE analysis, the highest delta K value was for K=2 and the second highest for K=3, whereas the highest estimated likelihood was for K=7. In ADMIXTURE the lowest cross-validation error was obtained for K=6. The genetic clusters identified at K=6 were consistent between STRUCTURE and ADMIXTURE, with the exception of the clustering of dogs.
STRUCTURE grouped modern European breeds in one cluster and East Asian and Arctic breeds in the second cluster, whereas ADMIXTURE grouped the boxer and related breeds in one cluster and all other breeds in the second cluster. At K=7, STRUCTURE identified the same dog clusters as ADMIXTURE at K=6, and Spanish wolves as an additional cluster. In contrast, ADMIXTURE at K=7 did not identify additional clusters of wolves, but instead identified three clusters of dogs: one cluster grouping East Asian and Arctic breeds, the second cluster grouping the boxer and related breeds, and the third cluster grouping other European breeds. Although there was no consistency between the methods with regard to an optimum K value, the differences were in clustering patterns in dogs, and did not affect our inference.
ADMIXTURE was previously shown to display a "convex" behaviour, i.e. a tendency to produce ancestry estimates that are biased away from 50% towards either 0% or 100% (Engelhardt & Stephens, 2010) . In our study, we identified only one first generation hybrid. For this individual, LAMP assigned exactly 50% of alleles at each chromosome to dogs and 50% to wolves, resulting in the overall admixture proportion of 0.5. In comparison, the wolf admixture proportion for this individual inferred from ADMIXTURE was 0.549, and from STRUCTURE 0.545. We have not found any other individuals with the dog ancestry within the range of 0.25 -0.75, implying that admixture between hybrid or recent backcrosses is rare, and therefore this individual had to be a F1 hybrid. This suggests that there was indeed a bias away from 50% in ADMIXTURE and STRUCTURE results.
However, for other admixed individuals, we did not find a systematic bias towards 100% in ADMIXTURE and/or STRUCTURE as compared with LAMP (Figure 3 , Supporting Table S2 ).
Supporting Tables   Supporting Table S1 . The allele frequency divergence among populations estimated in STRUCTURE at K=8. We report these estimates for 8 inferred genetic clusters, because at these K value most geographically distinct wolf populations were inferred. wolves and other wolf populations) are due to strong genetic drift resulting from isolation and bottlenecks (see Pilot et al. 2014 ).
Supporting Table S2 . Hybrids and back-crosses identified in Eurasian wolf populations based on the ancestry blocks analysis in LAMP and PCADMIX, and the analysis of population genetic structure in STRUCTURE and ADMIXTURE (assuming K=2), using autosomal chromosome data. separately for males and females), and the number of admixed autosomal chromosomes, i.e. having less than 90% of SNPs assigned to chromosomal blocks of wolf origin. The results of the structurebased analyses are presented as the probability of assignment of a given individual to the wolf cluster.
The origin of an individual is inferred based on these results.
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